[1] The relationship between the static stability N 2 and the mixing in the tropopause inversion layer (TIL) is investigated using in situ aircraft observations during SPURT (trace gas transport in the tropopause region). With a new simple measure of mixing degree based on O 3 -CO tracer correlations, high N 2 related to an enhanced mixing in the extratropical mixing layer is found. This relation becomes even more pronounced if fresh mixing events are excluded, indicating that mixing within the TIL occurs on a larger than synoptic timescale. A temporal variance analysis of N 2 suggests that processes responsible for the composition of the TIL take place on seasonal timescales. Using radiative transfer calculations, we simulate the influence of a change in O 3 and H 2 O vertical gradients on the temperature gradient and thus on the static stability above the tropopause, which are contrasted in an idealized nonmixed atmosphere and in a reference mixed atmosphere. The results show that N 2 increases with enhanced mixing degree near the tropopause. At the same time, the temperature above the tropopause decreases together with the development of an inversion and the TIL. In the idealized case of nonmixed profiles the TIL vanishes. Furthermore, the results suggest that H 2 O plays a major role in maintaining the temperature inversion and the TIL structure compared to O 3 . The results substantiate the link between the extratropical mixing layer and the TIL.
Introduction
[2] The tropopause region is of major interest because of its role in the radiative forcing of surface temperatures and the relevance of coupling between climate, chemistry and dynamics in the upper troposphere and lower stratosphere (UT/LS).
[3] The highest static stability (buoyancy frequency squared, N 2 ) in the atmosphere is located above the tropical and above the extratropical tropopause within the so-called tropopause inversion layer (TIL) . The vertical temperature gradient exhibits a strong inversion within this layer with the temperature strongly increasing above a sharp thermal tropopause [Birner et al., 2002] . N 2 is maximized within the TIL, i.e., at enhanced values compared to values of N 2 in the entire stratosphere. There is a more intensive TIL during summer than in winter.
[4] The extratropical tropopause region is further characterized as a mixing layer [Fischer et al., 2000; Hoor et al., 2002] . Correlations between a stratospheric (O 3 ) and a tropospheric tracer (CO) indicate a large seasonal variability of exchange across the tropopause with the strongest exchange between the troposphere and the stratosphere in summer [Hoor et al., 2002] .
[5] The tropopause region is, moreover, a region where the atmospheric radiative balance is very sensitive to changes in trace gases. Mixing processes in this region are responsible for a change in the vertical gradients of H 2 O and O 3 , which play a key role in radiative balance. An enhancement of H 2 O near the tropopause contributes to a cooling and an enhancement of O 3 to a warming of the UT/ LS region [Forster, 1999; Forster and Shine, 2002] . Therefore changes in trace gases in the LS influence the temperature gradient and thus the static stability N 2 in the TIL. Randel et al. [2007] suggested that the radiative effects of both O 3 and H 2 O near the tropopause may be a substantial contribution to the formation and the maintenance of the TIL. They further postulate that the vertical scale of TIL is partly linked to the thickness of the mixing layer.
[6] Other mechanisms have also been suggested to contribute to the maintenance of the TIL. Birner [2006] argued that the TIL could be the result of poleward heat fluxes together with extratropical baroclinic eddies. These eddies act on the background temperature gradient in the tropopause region. Balanced dynamics studies by Wirth [2003] revealed enhanced N 2 in the LS as a feature of anticyclonic upper tropospheric flow. Thus the TIL could also be the result of anticyclonic influence. Recently Hegglin et al.
[2009] delivered further observational support for the mechanism proposed by Randel et al. [2007] and emphasized the relevance of H 2 O for maintaining the TIL. The seasonal changes of H 2 O satellite data and their relative vertical gradient are similar to the N 2 structure within the TIL.
[7] Based on in situ observations and radiative calculations, the present study further investigates the extent to which the TIL is linked to the extratropical mixing layer. To quantify the relationship between the static stability N 2 and the mixing degree near the extratropical tropopause we introduce a measure to determine the mixing degree using the observations obtained during the SPURT (trace gas transport in the tropopause region) aircraft campaigns. In addition, we performed radiative calculations similar to Randel et al. [2007] . The results further quantify the radiative contribution of O 3 and H 2 O to the temperature inversion above the extratropical tropopause in a transition from the special case of nonmixed (L-shaped) to the mixed ECMWF reference mean vertical trace gas profiles.
Data and Methods
[8] The CO and O 3 measurements from the eight SPURT aircraft campaigns over Europe between 2001 and 2003 [Engel et al., 2006 are analyzed to deduce the mixing degree in the tropopause region and the link to the TIL. One of the aims of these campaigns was to improve the theoretical understanding of the governing processes in the extratropical tropopause region. Thus the obtained data sets represent the UT/LS up to 3.5 km. Each season is captured by eight flights. Our analysis comprises 34 SPURT flights with sufficient data in the vicinity of the tropopause.
[9] The static stability N 2 is calculated from ECWMF data and is interpolated on the SPURT flight paths. The T511L61 operational ECMWF data [Simmons et al., 2005] are used. The data are interpolated to a 1°Â 1°horizontal grid and to 35 vertical pressure levels (19 equidistant levels between 1000 hPa and 100 hPa). The interpolation on the flight path is done both spatially, i.e., in the horizontal and vertical space, and temporally. First the respective positions of the SPURT flight paths at noon time (12 UTC) are determined by trajectory calculations with CLaMS (Chemical Lagrangian Model of the Stratosphere [McKenna et al., 2002] ). Then the spatial interpolation is done. The vertical resolution of Dz $ 0.8-1.4 km around the extratropical tropopause and the horizontal resolution of 1°Â 1°are sufficient to resolve a well-pronounced TIL in the time and zonal mean. To preserve the features of the tropopause variable in space and time, the relevant variables are first interpolated on equidistant vertical levels relative to the thermal tropopause before calculating N 2 using a tropopause-based coordinate system following Birner [2006] .
Results

SPURT Case Study: Static Stability Within the Mixing Layer
[10] Figure 1a shows the tracer correlation of O 3 and CO observed during the SPURT flight on 27 April 2003. We define the air with CO < 34 ppbv as stratospheric (pink) and the air with O 3 < 75 ppbv as tropospheric (yellow). All other air masses are considered to be mixed (cyan). The highest values of static stability (N 2 % 7 Á 10 À4 s
À2
) can be found in the middle and upper part of the mixed branch (box 1, Figure 1b) ) in the stratosphere. Thus the mixing layer contains a significant amount of high stability air.
[11] The vertical cross section of N 2 along the flight path (bottom) shows that these mixed air masses (cyan flight segment) with high N 2 (deep red filled contours) were detected immediately after entering the stratosphere at the beginning of the flight. During this flight segment the TIL was sampled (denoted (1), see also Figure 1b ). Thereafter, stratospheric air masses with lower N 2 were observed (pink flight segment) before again entering into a mixed air mass in the vicinity of the jet stream (red contours) with a higher N 2 than in the entire stratosphere and a lower N 2 than in the TIL. Box 2 shows the corresponding part in Figure 1b .
[12] The mixed branch in the vicinity of the jet is likely the result of recent quasi-isentropic mixing of trace gases from the troposphere to the stratosphere. Mean age of air calculations with CLaMS reveal that these mixed air masses close to the jet stream are younger than the mixed air masses in the TIL (not shown). The younger air masses are partly below the thermal tropopause (dark gray circles, Figure 1b) . The older air masses within the TIL are above the tropopause (light gray squares, Figure 1b ) and far away from the jet.
A New Measure of Mixing Degree in the Extratropical UT/LS
[13] To investigate the relationship between static stability N 2 and mixing in the UT/LS during all SPURT flights, a measure for quantifying the mixing degree deduced from tracer correlations is proposed. This parameter f mix depends on the location of the mixing points in a tracer correlation plot and is shown for all SPURT flights in Figure 2 (left). f mix is designed to measure both the distance to the undisturbed stratospheric (CO < 34 ppbv) and tropospheric (O 3 < 75 ppbv) reservoirs (gray) and the distance to the intersection point (red point) of the mixing-limit lines in the tracer space. This point is identical to the so-called ''chemopause'' in the work of Pan et al. [2004] and defines here the idealized ''L-shaped'' tracer correlation. Thus the functional relationship f mix depends on two different terms according to
with dimensionless variables x for CO and y for O 3 . The trace gases are normalized by their respective maxima (O 3 = 1000 ppbv, CO = 192 ppbv) as observed during SPURT and by the limits of the mixing layer according to x = (CO À 34 ppbv)/192 ppbv and y = (O 3 À 75 ppbv)/1000 ppbv. f mix (x, y) is valid within the mixing area in the correlation plot (color coded in Figure 2 , left), i.e., the original reservoirs (gray) are considered to be unmixed with f mix (x, y) = 0. The two terms f WH (x, y) and f 0 (x, y) are described in detail in the following.
[14] In a correlation plot, the mixing degree depends on the distance to the original undisturbed reservoirs of the troposphere and stratosphere. Thus the distance to the bisecting line (gray dashed line) between the two original reservoirs must be accounted for to find the strongest mixing degree in the vicinity of this line and the lowest one close to the original reservoirs. This can be described by the function
The function f WH (x, y) is also motivated by the entropybased measure of mixing at the tropopause introduced by Patmore and Toumi [2006] , who divided the tracer space into five mixing states to quantify the mixing degree. These divisions are similar to the function f WH (x, y) with the most mixed air mass furthest away from the original reservoirs.
Using O 3 -CO correlations mixing can be represented by straight lines between the two nonmixed reservoirs of the stratosphere and troposphere in an idealized manner [Hoor et al., 2002; Pan et al., 2007] . The mixing degree further depends on the distance of these mixing lines to the intersection point of both mixing-limit lines (red point in Figure 2 ), i.e., the greater the distance of a particular mixing line from this point the more strongly the corresponding stratosphere-troposphere exchange event is dominated by mixing. This mixing feature is described by the second functional relationship Figure 1a and according to N 2 in Figure 1b . Measurements above the thermal tropopause are marked by light gray squares and those below by dark gray circles, which are additionally bordered in black if they are above the dynamical tropopause (2 PVU). Vertical cross section of N 2 along the flight path (black), colored according to the three branches in Figure 1a (bottom). The mixed parts (cyan) at the beginning and end of the flight path are numbered and marked in Figure 1b as gray dashed boxes. Isotaches in m s À1 (red), 2 and 3 PVU isolines (red dashed), isentropes in K (white), and the thermal tropopause (gray) are shown.
which assigns a mixing degree relative to the intersection point of mixing-limit lines. The resulting dimensionless measure of the mixing degree f mix (x, y) according to equation (1) is largest in the vicinity of the bisecting line between the two reservoirs (gray dashed) and decreases both toward the unmixed reservoirs (gray) and toward the intersection point (Figure 2 , left). f mix (x, y) is scaled by its local maximum value f mix max % 0.45 at the bisecting line for SPURT measurements to receive values of f mix (x, y) between 0 and 1. Thus the mixing degree f mix (x, y) is designed as a measure of how much the air mass deviates from the background stratosphere and troposphere due to the mixing in its history. Mixing, as it is diagnosed in the CO-O 3 tracer space by f mix (x, y), is a very simple representation of a full threedimensional process. Different mixing scenarios can leave the same signature in the CO-O 3 tracer space, i.e., for a given point in the CO-O 3 tracer space, it is not possible to reconstruct the mixing line along which mixing of air masses has occurred. Thus f mix (x, y) as proposed here is an empirical attempt to quantify the mixing degree by using only the measurable quantities (CO and O 3 ). In particular, the highest function scores for CO-O 3 tracer values far away from the undisturbed reservoirs and far away from the intersection point of mixing-limit lines represent mixing lines which connect those parts of the troposphere and stratosphere which in an undisturbed atmosphere are also geometrically far away from each other. Thus a high mixing degree expected in such ''strong mixing events'' is measured by high values of f mix .
[15] Figure 2 (right) shows the meridional distribution of f mix (x, y). The equivalent latitude is used as meridional coordinate, which is inferred from the PV distribution on isentropes according to Nash et al. [1996] . The vertical coordinate DTP is the distance to the dynamical tropopause TP dyn = 2 PVU in potential temperature space. The meridional distribution of f mix (x, y) peaks for strongly mixed air masses just above the dynamical tropopause. When the distribution is calculated relative to the thermal tropopause, the largest f mix (x, y) is found around the thermal tropopause (not shown). An advantage of this simple function f mix (x, y) compared with the approach of Patmore and Toumi [2006] is the fact that no further physical parameters have to be introduced and the mixing degree is characterized by a continuous variable.
Static Stability and Mixing Degree in the TIL
[16] The case study in Figure 1 reveals that the mixing layer contains air masses within the TIL above the thermal tropopause TP th (box 1) and air masses freshly mixed from the troposphere with a lower N 2 (box 2).
[17] Figure 3a shows the corresponding correlation of all SPURT O 3 and CO measurements colored according to the static stability N 2 . To identify air masses within the TIL we select all the data above the thermal tropopause TP th with a high static stability (N 2 > 5 Á 10 À4 s
À2
) and at a close distance to the dynamical tropopause (DTP < 30 K). In the following we denote these observations as ''TIL branch''. The second selection criterion is motivated by the definition of the TIL by Bian and Chen [2008] and the value of 30 K seems appropriate considering the thickness of the layer above the tropopause with enhanced mixing degree f mix (Figure 2, right) . On the other hand, the mixing layer also consists of freshly mixed air masses from the troposphere that can be identified as those data points between the dynamical tropopause TP dyn and the thermal tropopause TP th , hereafter denoted as ''Tropospheric Freshly Mixed (TFM) branch''.
[18] The corresponding plots in Figures 3b and 3c show a mean static stability of N 2 mean = 6.21 Á 10 À4 s À2 within the TIL branch and a lower mean static stability of N 2 mean = 3.78 Á 10 À4 s À2 in the TFM branch of the mixing layer. There is a clear difference in mean static stability for these two branches as expected due to the selection of data above and below the thermal tropopause. Furthermore, the lower boundary of the TFM branch is defined by the dynamical tropopause TP dyn = 2 PVU (colored in Figure 3c ). The mean potential vorticity value at the thermal tropopause locations during all SPURT flights is calculated to TP dyn % 4 PVU and a selection of the TFM branch according to this value is additionally shown as gray bordered dots (Figure 3c ). Air Figure 2 . O 3 and CO correlation of all SPURT measurements highlighted with the developed dimensionless measure f mix to quantify mixing (left). Intersection point of mixing-limit lines as red point and the bisecting line as gray dashed. Mixed region (color coded with f mix ) depending on the distance to tropopause (DTP), defined as PV = 2 PVU surface, and the equivalent latitude (right). Stratospheric and tropospheric reservoirs in gray for both panels. masses between the dynamical and thermal tropopause on average have PV values roughly between 2 PVU to 4 PVU, which from a PV dynamics point of view supports our notation of ''freshly mixed''. Both the TFM and the TIL branch lie well within the mixing layer, with the TIL branch partly penetrating the stratospheric reservoir. There are only a few values of the TIL within the troposphere because of the lower boundary TP dyn .
[19] Figure 3d shows the relation between N 2 and f mix within the entire mixing layer dependent on the distance to the dynamical tropopause TP dyn = 2 PVU. At a mixing degree of f mix > 0.2, a high N 2 is observed and the vertical extension of the mixing layer is close to the tropopause. At a very low mixing degree of f mix = 0.05, the mixing layer extends between À20 K to 60 K around the dynamical tropopause, at a high mixing degree of f mix = 0.6 mainly up to 30 K above the tropopause. A figure using the distance to the thermal tropopause in km as vertical coordinate shows that the high N 2 values at low mixing degree f mix < 0.1 more than 30 K above the dynamical tropopause are within 2 km above the thermal tropopause (not shown). These values are i.a. observed in the vicinity of secondary tropopauses connected to a jet stream, when the distance relative to TP dyn may be larger than relative to TP th . The region of high N 2 identified by high f mix lies within the TIL (Figure 3e ). The TFM branch with a lower N 2 extends up to DTP = 40 K (Figure 3f) . Values above DTP = 20 K are associated with mixing events in the vicinity of secondary tropopauses, when the distance between TP dyn and TP th becomes very large. Due to the prevailing dynamical situation, the PV isolines are deformed and thus TP dyn and TP th diverge.
[20] The relation between N 2 and the mixing degree described by f mix is also shown as a probability distribution function (Figure 4 ). For this purpose 0.5 Á 10 À4 s À2 bins for N 2 and 0.1 bins for f mix are calculated. Each N 2 bin is normalized, i.e., the probability (color coding) reflects the percentage of the mixing degree f mix in a single N 2 interval. There is a positive correlation between the two quantities in the entire mixing layer (Figure 4a ). The Spearman's rank correlation is around k = 0.25. When the mixing layer is split into the TIL branch ( Figure 4b ) and TFM branch (Figure 4c ) again, we find a lower correlation coefficient of k = 0.11 for the relation within the TFM branch and a higher one of k = 0.43 in the TIL branch. Especially in the TIL branch, the mean f mix (gray lines) per N 2 bin increases with N 2 and most data points are located around this mean f mix . This is demonstrated by the bordered bins with more than 30 data points (orange line). There is no clear relationship between f mix and N 2 in the TFM branch and there is a negative correlation for N 2 > 4 Á 10 À4 s
. The higher correlation k = 0.43 within the TIL branch suggests a connection between the TIL with enhanced N 2 and the mixing layer above the tropopause. This correlation is tested with the bootstrap method [Press et al., 2002] and with simulated data sets reproducing the observed timescale analysis of N 2 (shown in Figure 5 ) and f mix . The level of Figure 3 . O 3 and CO tracer correlation colored according to the static stability N 2 in 10 À4 s À2 for (a) all SPURT measurements, (b) those within the TIL, and (c) the tropospheric freshly mixed (TFM) branch. Dependence of N 2 on the distance to the dynamic tropopause TP dyn = 2 PVU and f mix for (d) the entire mixing layer, (e) the TIL, and (f) TFM branch between TP dyn (2 PVU) and TP th . Data between TP dyn (4 PVU) and TP th are bordered in dark gray (Figures 3c and 3f) . significance for the null hypothesis k = 0 is 0.06 at an error probability of 0.01. Thus the null hypothesis has to be rejected and the correlation k = 0.43 in the TIL branch is significant.
[21] Nevertheless, k = 0.43 implicates that the dominant amount of N 2 variance is caused by processes which are uncorrelated to f mix . One cause is the artificial variance in N 2 because of errors due to the determination of N 2 from ECMWF fields by trajectory calculations to noon time, which might represent N 2 on a larger grid than appropriate for the aircraft. With sensitivity studies we estimated the scale of this effect to be one third of the total variance of N 2 . This let us expect an improved correlation if artificial sources of variance would be removed.
[22] In order to investigate the different timescales of atmospheric processes which play a role within the TIL and TFM branch (Figure 3) , the temporal N 2 variances in these branches are shown in Figure 5 (green and orange lines, respectively). A temporal variance analysis [Rohrer and Berresheim, 2006; Kunz et al., 2008] provides information on the atmospheric processes which influence the variability of specific atmospheric parameters such as N 2 . Around 80% of the total N 2 variance within the TFM branch is already achieved after 8 days (gray-green dot), the same fraction of total N 2 variance in the TIL branch is achieved after 360 days (gray-orange dot). The analysis suggests that fresh mixing from the troposphere in the TFM branch plays a role on a synoptic timescale of up to 8 days (green dashed, Figure 5 ). Processes which contribute to the formation of the TIL may occur rather on a seasonal timescale up to 360 days (orange dashed line, Figure 5 ). The N 2 variance increases on the seasonal timescale and there is no enhancement on the synoptic timescale within the TIL branch. The seasonal timescale is required for radiative adjustment in the atmosphere. The N 2 variance within the TIL branch starts to increase on a timescale of more than 60 days. The problem of under-represented data bins roughly between 10 and 90 days was already discussed by Kunz et al. [2008] . The variance thus remains unchanged on the interseasonal timescales. For smaller timescales, which are represented by sufficient measurement data, the variance changes. Thus the exact seasonal timescale when the variance increases again may be influenced.
Radiative Forcing as a Mechanism for Maintaining the TIL
[23] The change of N 2 caused by different mixing states and thus different trace gas gradients in the tropopause region is now investigated with radiative transfer calculations similar to those of Randel et al. [2007] . They assumed certain perturbations of the O 3 and H 2 O profiles and calculated the impact on the temperature profile with a fixed dynamical heating assumption. Here we extend the work of Randel et al. [2007] by deducing the perturbed O 3 Figure 5 . Temporal variance analysis of N 2 in 10 À8 s
À4
within the TIL (orange line) and TFM branch (green line). The timescale is shown from several minutes to 600 days. 80% of the total N 2 variance within the TFM branch and TIL branch is marked by the gray-green or gray-orange dot, respectively. The mean values of N 2 in 10 À4 s À2 in both branches are denoted in the legend. The greatest enhancement in variance within the TIL branch is achieved on the seasonal timescale (orange dashed), in contrast to the N 2 variance in the TFM branch, which is strongest on the synoptic. pronounced mixing layer for these ECMWF trace gas profiles. A temperature inversion up to 3.5 km (60 K) above the thermal tropopause is also evident in the mean ECMWF temperature (black line, Figure 6c ) together with a maximum in the static stability of N 2 = 5.4 Á 10 À4 s À2 around 1.5 km (25 K) above the tropopause (black line, Figure 6d ). The area with the available SPURT data in the UT/LS is bordered in gray in Figures 6a and 6b . We construct hypothetical profiles for nonmixed conditions (cyan lines or dots) assuming the so-called ''L-shaped'' tracer correlation [Pan et al., 2007] . The nonmixed H 2 O profile decreases in the troposphere and is constant in the stratosphere (%4 ppmv in our construction, consistent with the minimum of the mean H 2 O vertical profile at 18 km). The nonmixed O 3 profile is constant in the troposphere (%75 ppbv) and increases in the stratosphere. The corresponding tracer correlation forms an ''L-shape'' (cyan dots, Figure 6b ). Intermediate H 2 O and O 3 profiles (purple lines, Figure 6a ) exhibit a mixing line in the area between the nonmixed and mixed reference profiles (purple dots, Figure 6b ). The intermediate and nonmixed profiles (purple and cyan) agree with the reference profiles (black) in the stratosphere above 18 km and in the troposphere below 6 km.
[25] The radiative effects due to the change of O 3 and H 2 O from nonmixed (cyan) to mixed reference concentrations (black) are investigated. Sensitivity tests with the perturbed profiles of Figure 6a are performed with the Reading narrowband radiative transfer model [Forster, 1999; Forster and Shine, 2002] . Calculations are performed using the assumption of fixed dynamical heating, i.e., the dynamical contribution to heating is assumed to be the same for the background and perturbation calculations. The related temperature profiles above the thermal tropopause TP th are shown in Figure 6c . Above the tropopause the temperature increases throughout the column when the mixing degree is reduced. At the same time, the temperature inversion decreases. An enhanced temperature above the tropopause remains as a net effect of the simultaneous perturbation of H 2 O and O 3 according to a transition from a mixed to a nonmixed state. Figure 6d shows N 2 for the newly adjusted temperature profiles corresponding to nonmixed (cyan line) and intermediate mixed (purple) H 2 O and O 3 profiles. The perturbation of trace gas profiles in the tropopause region according to a transition from a mixed (black) to a nonmixed (cyan) state reveals a successive decrease of N 2 the more strongly mixing is reduced. The TIL just above the tropopause vanishes in the case of nonmixed profiles. Above the tropopause where SPURT flights were performed the nonmixed profiles show a temperature increase of 18 K and an N 2 reduction of 2.1 Á 10 À4 s À2 compared to realistic mixed profiles. A sole reduction of O 3 (H 2 O) from the mixed to the nonmixed ''L-shaped'' profile above the tropopause leads to a cooling (warming) in this region (Figure 6e) . The contribution of H 2 O to the temperature change (%5-15 K up to 4-5 km above the tropopause) is larger than that of O 3 (%1-2 K). The temperature decrease due to the O 3 perturbation is nearly the same up to 4 -5 km. The temperature lapse rate remains almost unchanged and there is nearly the same N 2 profile above the tropopause, especially up to 1.5 km. A temperature inversion is also present for nonmixed O 3 profiles (yellow dashed). In the case of nonmixed H 2 O profiles (gray dashed) there is no inversion at all. The temperature inversion becomes stronger the more H 2 O is enhanced toward the mixed reference profile. This suggests that H 2 O plays a larger role in establishing the temperature inversion and the TIL structure than O 3 . Figure 6f shows that the N 2 distribution in case of nonmixed profiles (cyan) up to 1.5 km above TP th is mainly created by the change in H 2 O (gray dashed). This result partly contrasts with the conclusion of Randel et al. [2007] , who suggested that O 3 and H 2 O play comparable roles in creating the inversion with opposing radiative effects in heating and cooling at slightly different altitude levels. The differences between our results and those of Randel et al. [2007] are probably due to the differences in perturbing the trace gas profiles above the tropopause. This result underlines the importance of a consistent perturbation of O 3 and H 2 O.
Summary and Discussion
[26] Based on aircraft measurements of CO and O 3 during SPURT we introduced a dimensionless parameter f mix to quantify the mixing degree in the extratropical tropopause region. Using this parameter, we investigated the relationship between the static stability N 2 and the mixing degree and found a positive relation between these two above the tropopause, particularly in the TIL. This is consistent with the hypothesis that mixing contributes to the formation of TIL as suggested by Birner [2006] and Randel et al. [2007] . The current study brings the two characteristics of the UT/ LS, mixing and static stability, together for the first time. Our analysis further shows that the TIL is detectable in high resolution ECMWF fields. In contrast, Birner et al. [2006] argued that the TIL is not well represented in ERA-40 reanalysis data. This difference could be a consequence of unequal assimilation procedures used in the operational (4DVAR) and ERA-40 (3DVAR) data or of different horizontal resolutions of both data sets (T511 versus T159 for operational and reanalysis data, respectively).
[27] Sensitivity studies with a radiation transport model confirm the hypothesis of Randel et al. [2007] that radiative effects of O 3 and H 2 O may contribute to the formation and maintenance of the mixing layer and the TIL. The new aspect of our analysis is to emphasize the change in FDH temperature and N 2 for profiles, which are perturbed consistently to represent a vanishing mixing (L-shaped O 3 and H 2 O tracer correlation) in the UT/LS. The temperature inversion and the structure of the TIL does not appear for nonmixed mean vertical profiles of O 3 and H 2 O. The temperature inversion is strengthened if the concentrations of O 3 and H 2 O are enhanced above the extratropical tropopause. Here H 2 O is more dominant than O 3 for the development of the temperature inversion and the TIL structure. There is only a small shift in temperature profile if O 3 is enhanced from a nonmixed to a mixed reference case at the tropopause.
[28] So far, it has not been possible to identify a particular atmospheric process as sole contributor to the TIL. Like Randel et al. [2007] , we conclude that radiation may be an important forcing mechanism in maintaining the TIL together with the dynamic mechanisms discussed by Wirth [2003] , Birner [2006] , or recently by Son and Polvani [2007] . With model simulations based on the dry primitive equations without any radiation, Son and Polvani [2007] also obtained a TIL. Their TIL is not as sharp as in observations and this led them to conclude that synopticscale balanced dynamics alone may not be sufficient to explain the quantitative features of the observed TIL. Therefore Son and Polvani [2007] concluded that more likely radiative processes play an additional important role for the TIL. To determine the exact contributions of radiation and dynamics to the TIL, further modeling studies are needed in future, which may consider both the dynamics and the radiation.
[29] In the light of the activity of radiative and baroclinic forcing, we interpret our results regarding the link between the TIL and the mixing layer as follows:
[30] Synoptic-scale baroclinic eddies in the extratropical tropopause region lead to an isentropic transport of low O 3 and high H 2 O mixing ratios from lower to higher latitudes and thus to mixing in the midlatitudes (troposphere to stratosphere transport). These freshly mixed air masses, which can be found mainly below but also above the jet streams, are not necessarily related to high N 2 values, e.g., the mixed part in the vicinity of the jet stream (Figures 1 and  3c ). The atmospheric processes relevant for this fresh mixing are synoptic-scale up to 8 days ( Figure 5 ) and are too short to have radiative effects which may lead to an enhanced N 2 . This also may be the reason for the very low correlation between the mixing degree f mix and a large N 2 within the TFM branch. The TIL also contains mixed air masses which have been there longer. The temporal variance analysis suggests a rather seasonal timescale ( Figure 5 ). This is a timescale which is necessary for the atmospheric radiative response to the mixing. Due to the radiative balance in the atmosphere the temperature has already adjusted to the new trace gas concentrations near the tropopause and a temperature inversion has developed with time ( Figure 6c, black line) . This demonstrates the evolution of N 2 from the nonmixed case to the intermediate case and finally to the mixed reference case (Figure 6d ). This hypothesized mechanism also closes the loop to the discussion by Birner [2006] according to which the strong stratification within the TIL and the large-scale horizontal mixing forces the air that has entered the TIL, to stay there and to be mixed isentropically over large distances. This may provide the basis for the mixing layer to become a climatological feature and for the radiatively active tracers to force the TIL.
[31] Our analysis suggests that the mixing layer contains, on the one hand, older air masses (TIL branch, Figure 3) , with high values of N 2 possibly due to radiative adjustment. This part represents the TIL. On the other hand, there are younger air masses with lower N 2 values within the mixing layer (TFM branch, Figure 3) , because of recent intrusion processes due to the permeability or so-called midlatitude breaks associated with the jet.
